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Introduction
The production of oriented films from thermoplastic materials represents a large segment of the polymer industry. In fact, orientation of polymers enhances many of their properties [1] [2] [3] [4] [5] , particularly mechanical, impact, barrier and optical. Biaxial orientation has the added advantage of allowing this enhancement in both directions. One of the commonly used polymers in biaxial orientation processes is polyethylene (PE). The most widely used biaxial orientation processes for films are the standard film blowing process (such as for PE), tubular film blowing (such as for PP and LLDPE) and cast film biaxial orientation or tentering (PP, PS, PET, etc.).
On the other hand, the structure and orientation developed during these processes have a significant effect on the properties of the films. Different techniques can be used to determine the structure and orientation of the films.
Microscopy gives an overall picture of the crystalline morphology (lamellar, spherulitic, etc.), X-ray pole figures yields details of crystalline phase orientation. Fourier transform infrared spectroscopy (FTIR) allows the determination of specific orientation factors for the crystalline and amorphous phases as well as that of trans and gauche conformers and combinations [6] , provided that their transition moment angle are known. Finally, birefringence gives the average total orientation. For the particular case of PE, FTIR allows the determination of crystalline axes orientation as well. However, the accuracy and precise significance of the different orientation factors determined from these techniques is to be established, although some studies in the past addressed partially this issue as well as their correlations to structure and properties [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
In fact, it was in the fifties [7] [8] [9] that Stein treated the comparison of results from FTIR, X-ray diffraction and birefringence theoretically, with a comparison with a simple hypothetical case [7] . It was until the end of the sixties that Read and Stein [10] made some quantitative comparisons for the case of uniaxial orientation, however, the X-ray results were not made in the same laboratory. Even with this fact, already significant discrepancies were observed between the FTIR results for the crystalline a-axis and those obtained from X-ray at low orientation levels. Some of the observed discrepancies were attributed to potential differences in films and experimental errors. Desper [11] on the other hand studied PE blown films using also X-ray, birefringence and FTIR spectroscopy. However, in his FTIR measurements, he did not use the tilted technique and hence, had not the contribution coming from the thickness direction to compare properly the orientation factors.
More recently, Kissin [17] developed an approach for the use of FTIR for the determination of biaxial orientation factors for HDPE blown films having a specific structure (row structure) using two FTIR spectra, without the need for tilting the films in order to determine the third spectrum [6] . He compared the results of this approach with WAXD results of a biaxially oriented HDPE films with a row structure and found an acceptable agreement based on White-Spruiell biaxial orientation factors. However, when Herman's orientation factors are used to determine the orientation factors, significant differences can be noted between results from FTIR and X-ray diffraction, which may be due to a compensation between the two independent angles that are involved in the White-Spruiell factors. Krishnaswamy [18] modified slightly Kissin's approach and extended it to LLDPE blown films but did not report systematic comparisons with the FTIR tilted technique nor with WAXD results.
In order to clarify the discrepancies observed above in literature and also following our observations from comparing FTIR and X-ray results on orientation factors in blown films, we carried out an extensive and systematic study on different polyethylenes having different morphologies and histories. Uniaxially oriented, biaxially oriented and blown films of HDPE, LLDPE and LDPE were characterized using X-ray pole figures, FTIR and birefringence. The results obtained for Herman's biaxial orientation factors from the different techniques are compared and discussed. A comparison is also made with the approaches of Kissin and Krishnaswamy mentioned above. This first paper addresses the case of HDPE.
Experimental
For blown films, high-density polyethylene (HDPE) film resin, with a melt index of 0.34 and density of 0.955, was used. The films were produced using an extrusion blowing line from Brampton engineering. The extrusion temperature profile ranged from 160 to 200 8C. Different draw down ratios (DDR) and blow up ratios (BUR) were used with thicknesses from 12 to 50 mm. The frost line height was about 70 cm.
Initial samples for biaxial stretching were prepared by cast film extrusion of the same HDPE as above for blown films. The initial thickness was in the range of 0.5-1 mm. The stretching was performed on a Bruckner laboratory biaxial stretcher. The conditions were as follow: stretch rate 10%/s simultaneous, initial sample size 10!10 cm 2 and a stretching temperature of 127 8C. Final draw ratios were: uniaxially stretched to a draw ratio of 4 and biaxially stretched to 4!4.
The morphology of the films was determined using a field emission scanning electron microscope (FE-SEM) with and without etching the films and a minimal coating on the surface.
The global biaxial orientation factors were determined using birefringence. The absolute values of birefringence in the machine-normal and transverse-normal planes were measured by an incident multi-wavelength double beam and photodiode array assembly, combined with an in-house developed software. Details of the technique can be found elsewhere [19, 20] .
The biaxial orientation factors used in this study are those of Hermans: f jM , f jT and f jN in the machine, transverse and normal directions, respectively, for the axis j. Relation can be developed between these orientation functions and other measurable quantities such as birefringence. Assuming D8 Zn c K ðn a C n b Þ=2 (about 0.058 for PE) and d8Zn a Kn b , (about K0.003 for PE) where n a , n b and n c are the refractive indices along the a, b and c axes of the crystalline lattice, the following equations for the crystalline phase can be obtained [6] :
The total birefringence is due to the crystalline and amorphous phases in addition to a form birefringence (which is generally negligible), if f is the crystalline content, thus, we can write:
The indices A and C stand here for amorphous and crystalline phases. It is then possible to determine the crystalline phase birefringence from crystalline axes orientation, and amorphous phase birefringence by subtraction of the crystalline contribution from the total birefringence by using the above-mentioned equations.
In general, the contribution of the a and b axes orientation to the crystalline birefringence is low compared to that of the c-axis because of the intrinsic birefringences and it was assumed negligible for the calculations here. Which will lead to the following simplified equations:
The crystalline axes orientation factors were determined from wide-angle X-ray diffraction pole figures of (110) and (200) reflections using a Bruker AXS X-rays goniometer equipped with a Hi-STAR two-dimensional area detector.
The generator was set up at 40 kV and 40 mA and the cu K a radiation (lZ1.542 Å ) was selected using a graphite crystal monochromator. Sample to detector distance was fixed at 8 cm. Film samples were stacked to a thickness of about 3 mm in order to obtain enough accuracy in a reasonable time. They were also determined, in addition to those of the amorphous phase, from Fourier transform infrared spectroscopy (FTIR) using the tilted film technique to obtain the spectrum of the normal (film thickness) direction. The measurements were carried out on a Nicolet 170SX FTIR at a resolution of 2 cm K1 with an accumulation of 128 scans. Polarization of the beam was performed using a zinc selenide wire grid polarizer from Spectra-Tech. The details on this method were reported elsewhere [6, 19] .
Results
Typical results from X-ray pole figures are shown in Figs. 1 and 2 or blown and biaxially stretched films, respectively. For the blown films, only the (110) and (200) reflections are reported. In fact, evaluation of the crystalline orientation functions using the (020) reflection are not accurate as will be discussed later for biaxially stretched film. For FTIR, typical results in the spectral region of 700-750 cm K1 are presented on Tables 1-5 for blown and biaxially stretched films and are discussed in details below.
Lets compare first the crystalline axes orientation determined from FTIR and X-ray pole figures for three blown films of different thicknesses (50, 25 and 12 mm), presented in Table 1 . They all agree qualitatively, but in quantitative terms, significant differences are observed. In fact, for the crystalline a-axis, the values of the orientation factors in the machine direction (MD) from both techniques confirm that it is oriented towards MD direction for all the films, with much higher values from FTIR, particularly from the 730 and 1471 cm K1 vibrations. The 1894 cm K1 vibration seems to agree with X-ray results. Read and Stein [10] already reported such differences between the 730 cm K1 and X-ray results for low levels of orientation of uniaxially stretched films long time ago. They attributed it to potential overlap with the 720 cm K1 band and also to possible uncertainties of X-ray results as a result of thinner films. We do agree with the first argument as is shown in Fig. 3 , potential overlap with the amorphous phase band is quite possible, particularly if the peaks are not strong, but also to possible saturation for thick films (absorption higher that 1.7-2 in the FTIR spectrum, note that the spectrum of Fig. 3 is for a biaxially oriented film not a blown film, the latter has a stronger peak for a-axis in MD), which may be the case for the MD spectrum of the 50 mm thick film. For the second argument about X-ray results accuracy on thin films, our results were obtained on stacked films with a total thickness of about 3 mm and this error is, we believe, minimal. The argument about peak saturation is in our opinion the most likely for the 50 mm film, and the other argument about potential overlapping of the peaks is valid for all the films. A look on the results on the thinner films shows clearly much smaller differences between FTIR and X-ray results. The 730 and 1471 cm K1 bands being of about the same intensities [11] , but the 1894 cm K1 is weaker also explains the better agreement of the latter with the X-ray results.
For the TD orientation factors of the a-axis, the peak due 
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to the a-axis is weaker than in MD, the values are generally low and the differences with those obtained from X-ray are less important, although still FTIR overestimate the orientation. This is most probably due to the overlap of this peak with the amorphous one and partially with the one of the a-axis. The results from the 720 and 1464 cm K1 bands are quite different in this case for the 50 microns film probably because of a larger overlap.
For the b-axis, the values obtained for the orientation factors indicate a preferential orientation in the TD-ND plane for all the films, except for the 50 mm film for which FTIR results suggest an orientation along the TD axis only, in disagreement with X-ray results, as can be seen in Table  1 . This latter fact may be due to a possible saturation of baxis band in the TD spectrum. The other discrepancies between the FTIR and X-ray results, particularly for the thinner films, although smaller, may be attributed to the overlap between the amorphous phase and/or a-axis peaks.
Now that we know the orientation factors of the crystalline axes for the blown films, some additional analysis is possible in combination with birefringence. The results of measured total birefringence and the one calculated from the crystalline axes orientation factors (using an intrinsic birefringence in the c-axis of 0.058) are shown in Table 2 for two blown films. The calculated contribution of the crystalline phase to the total birefringence is also presented (by using the crystallinity results) in Table 2 . It is clear from the results that the ones calculated from FTIR orientation factors of the thick film are not acceptable (highly negative birefringences in MD and TD suggest c-axis in the normal directions, which is not observed from X-ray results and morphology considerations). This is an additional support of the possible saturation of the peaks in that case. Those obtained for the thinner film or from X-ray results seem reasonable. These results can be used to calculate the amorphous phase orientation and compare the result to the one that can be obtained from various FTIR bands associated with the amorphous phase [10, 11] . Those comparisons are presented in Table 3 , in addition to global orientation from birefringence and the FTIR 2016 cm K1 band [10] .A s already stated above, the FTIR results for the crystalline factors of the thick film are not reasonable and their combination with birefringence did again confirm it (orientation factors higher than 1 or lower than K0.5). FTIR bands at 719 cm K1 is associated with CH 2 rocking mode of amorphous trans sequences of four or more sequences, 1303 cm K1 to CH 2 wagging of GTG conformations which is antisymmetrical with respect to the center of the trans bond, 1352 to CH 2 wagging mode of amorphous phase segments in the gauche conformations (GG) and 1368 similar to 1303 but symmetrical with respect to the center of the trans bond. The 2016 band is reported for both crystalline and amorphous phases, but with a contribution from extended trans sequences, thus, overestimate the global orientation since it does not contain the gauche contribution, generally lower than the trans one. This can be easily seen in comparing the global orientation from birefringence and the 2016 cm K1 band in Table 3 . The amorphous orientation factors from the 719 cm K1 band are XRD indicate X-ray diffraction. Amorphous orientation factors from FTIR or X-ray and birefringence Table 1 ). c Calculated from X-ray results in Table 1 and birefringence. Only c-axis crystalline orientation was taken into account to calculate amorphous orientation. though to be greatly affected by the decomposition procedure and saturation for the 50 mm film. The 1352 and 1368 bands indicate about the same result for the amorphous, which has been reported also by Read and Stein [10] , but different from the one calculated from X-ray and birefringence. The 1303 cm K1 band shows the same trend as the calculated values but different in magnitude. Literature results showed, however, that the orientation of this band is the lowest among all the others [10, 11] . For the thinner film, the calculated amorphous orientation using FTIR or X-ray results in combination with birefringence are comparable, but different from the ones determined from amorphous 719 cm K1 band, which also highlights the difficulties in decomposition of the bands because of overlapping.
For uniaxially and biaxially oriented films, the results obtained for the different crystalline orientation factors are presented on Table 4 . Generally, the (020) reflection intensity is weak and for the two films above, the X-ray results were determined using two procedures: (1) a-axis from (200), b-axis from (020) and c-axis from the two; or (2) a-axis from (200), b-axis from the combination of (110) and (200) and c-axis from the two. Significant differences can be observed in the table between the two results. A look at the results presented on Table 5 for calculated amorphous phase orientation from the combination of X-ray results and birefringence indicate that most likely, the results from the first procedure (XR1 in the table) are unreasonable (higher than 1 or below K0.5). It is concluded that the results obtained from the second procedure are more accurate and reliable (this was the procedure used for the blown films above). Now if we compare the FTIR results with those of X-ray for the crystalline axes orientation, particularly the 4!4 film sample, some agreement can be seen, the main difference is in the a-axis orientation in the TD direction, which is probably due to overlapping and lower intensity for this peak. For the uniaxial film, it was too thick to be analyzed using the 720-730 cm K1 region and only the aaxis orientation from the 1894 cm K1 band was obtained and agreed relatively with the X-ray results.
The crystalline a-axis orientation is basically in the TD-ND plane for the uniaxially oriented film and in the ND direction for the biaxially oriented one. The b-axis is in the TD-ND plane in both cases. For the c-axis, both techniques indicate it is located in the MD-TD plane, which is expected.
The results obtained for the measured total birefringence, FTIR measured amorphous orientation, calculated amorphous phase orientation results (from combination of birefringence or 2016 cm K1 global orientation with crystalline axes orientation from X-ray or FTIR) and global orientation from birefringence and the 2016 cm K1 band are presented on Table 5 . For the amorphous phase orientation, basically the same comments and discussion as above for blown films can be said. An interesting result to be mentioned is the agreement on the global orientation from Table 4 Crystalline orientation factors determined from different techniques for uniaxially and biaxially drawn HDPE films Sample birefringence and the 2016 cm K1 band for the uniaxially oriented film. This is probably because of the highly oriented nature of the film, which makes the gauche orientation also quite higher and yields higher birefringence, in contrast with films with a low orientation.
A. Ajji et al. / Polymer 46 (2005) 3838-3846
As mentioned in the introduction, a simplified FTIR procedure without the use of the tilted technique has been proposed in literature for [17, 18] for film possessing the row structure. Details of the procedure can be found in Refs. 17,18. Our purpose here is to compare this procedure with the full FTIR procedure that uses the tilted technique and compare both results with X-ray diffraction. First, the morphology has to be of the row-nucleated type, which is the case as illustrated for the blown films in Figs. 4 and 5. We consider here only the thin blown films of 12 and 25 mm in order to avoid any peak saturation. The results are presented in Table 6 for the crystalline axes orientation factors. It is clearly seen that the two FTIR procedures give similar results, but both are different from those obtained from X-ray diffraction as discussed above. This is a confirmation of the validity of the simplified procedure in the limits of its validity, but one should be aware that the results are different from those from X-ray diffraction and, if you do not have a row nucleated morphology, the results of the two FTIR procedures are completely different as will be shown in a forth coming paper on linear low density polyethylene (LLDPE).
Finally, in determining the biaxial orientation factors of polyethylenes using different techniques, one should be careful in their interpretation. FTIR may overestimate significantly a-axis orientation, decomposition of the different contributions may be difficult and peaks may saturate even for quite thin films. Amorphous phase orientation determination may be significantly affected by peaks overlap.
